INTRODUCTION
Accretion of ice on aerospace structures is a problem affecting take-off safety and aerodynamic performance. The problem is of concern for commercial and military aircraft, on the runway and in flight, when adverse weather conditions allow ice formation to occur. Ice accretion also occurs on aerospace structures when cryogenic fuels are used, if defects in insulators allow cold spots to develop. In particular, ice formation on the space shuttle external tank can result in structural damage during launching if ice of appreciable mass detaches and impacts the orbiter surface.
Methods of inspection for ice which are currently used on the Shuttle launch pad rely on visual inspection. These techniques are both unreliable in detecting the presence of ice, and ineffective in the determination of ice thickness for a launch-no launch decision. Since saftey constraints require the launch pad to be cleared of personnel for some time prior to take-off, a remote method of inspection is needed which can both detect the onset of icing and determine the thickness of any ice present for launch clearance. Further, physical constraints of the launch pad require the remote inspection to operate from distances of roughly 45 meters.
This work focuses on the laboratory development and calibration of an IR thermographic technique to detect and measure ice, which can be applied in the launch pad environment. The technique is remote and able to rapidly image ice thickness over large areas.
EXPERIMENTAL SYSTEM AND TESTS
The technique utilizes an active heating source and an infrared imager. Figure 1 is a schematic drawing of the experimental system. In order to maintain ice layers during the measurment process, the system is placed inside an insulating enclosure in which trays of liquid nitrogen are situated. The evaporating nitrogen holds the temperature inside the enclosure in a range from -10 C to 0 C. A micro-processor triggers photographic flash lamps to rapidly heat the ice surface to a temperature less than 1.0 0 C above ambient. An image processor simultaneously begins acquiring images from an IR imager, so that the resulting rise and decline of temperature at the ice surface is recorded. The temperature response is then analyzed to produce ice thickness images.
To verify the technique's ability to detect and measure ice thickness, ice patches of varying thicknesses were deposited on an insulating substrate which approximated the Space Shuttle external tank's thermal properties. A sample configuration is shown in figure 2. To create ice patches of given thicknesses, molded resevoirs of various depths were pressed onto the substrate surface. This process is depicted in figure 3 . A molding material was placed on the substrate surface to serve as resevoir walls. Metal shims of the desired ice thickness were placed beside the molding enclosure, and a plate was used to press the resevoir walls down to the height of the shims. The resevoirs were filled with water, frozen, and the plate was used to melt the expanded ice down to the resevoir wall height. It should be noted that the surface roughness of the substrate was on the order of 0.5 mm. so that the certainty in the deposited ice thickness was limited for very thin ice. Also, the ice was allowed to form naturally in a freezer environment, with no attempt made to produce clear or bubble free patches. The insulating substrate with several patches of ice, varying in thickness from 0.5 mm to 4.2 mm. was measured to verify and calibrate the system. A temperature image f!Om one such measurement is shown in figure 4 . It is clearly seen that even the thinnest ice, 0.5 mm shown on the lower right, is discemable from the un-iced background. The ice patches increase in thickness then, from the upper left, 1.0 mm., to upper center, 1.6 mm., upper right, 2.1 mm., lower left, 3.2 mm., to lower center, at 4 .. 2 mm. By averaging an area in each of these patches, and plotting the average temperature as a function of time, the curves in figure 5 are obtained. In these curves, the initial point corresponds to the temperature of the ice surface immediately after heating has ceased. It is seen from these curves, that the thinnest ice attains a higher surface temperature, and the curves are progressively shifted downward in temperature, as the ice thickness increases.
The most interesting aspect of the temperature curves in figure 5, however, is the contrast in the behavior at early times of the thin ice, compared to the thick ice. It is seen that the thin ice experiences an initial heating period at its surface, with its peak temperature occuring some time after the heat source is off. As the ice becomes progressively thicker, this peak is shifted back in time, until the peak temperature measured nearly corresponds to the first data point acquired, and initial temperature decay is observed. This behavior can be explained, by considering attenuation of the heating source in the ice, as described in the following section.
THEORY AND ANALYSIS
The light intensity profile through an attenuating medium, with flux 10 at the surface x-O, is shown in figure 6 for ice of thickness L. This distribution is represented by the expression l(x)=loe-gx, where g is the attenuation coefficient of the medium. For gL» 1, or thick ice, I(L) approaches 0. In this case, most of the energy is deposited near the front surface, the intensity at the back surface is 0, and the thermal response of the ice has the characteristics of a layer which has been heated at the measurement surface. Profiles approaches 10 and all of the energy is deposited at the back surface. So for thin ice, the transmission of the radiative heat source permits heating of the substrate, and in effect, introduces a heating source at the back surface of the ice layer. This secondary source penetrates the ice with a time delay dependent on the thermal properties and thickness of the ice. For this case then, the thermal response of the layer has the characteristics of a layer which has been heated at the surface opposite to the measurement surface. A more complete analysis of the response is given by the 2-layer thermal model shown in figure 7.
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eqn.2 eqn 3. and 3 express the conditions that all the energy which is transmitted through the ice is absorbed at the back surface and flux is continuous across the interface x=L (eqn. 2.), and no heat loss occurs at the surface x-o (eqn 3). By application of Laplace transforms, this equation can be solved analytically to give an expression for Tx-o involving the parameters g, L, and a, the thermal diffusivity of the ice.
To determine the thickness of the ice from the thermal measurement requires a knowledge of g for the ice. For this case, it is assumed that g is constant for all the thicknesses of ice. This is a valid assumption since all the ice was formed using the same fabrication process. If, however, the processed was changed (Le. ice of a different density was generated), g would not necessarily be the same. A determination of g for the current experiment is discussed in the following section.
RESULTS
For a determination of g, an analysis was performed on the data obtained from the ice which was 2.1 mm thick. As can be seen from figure 5, its response has neither the appearance of front surface or back surface heating, but rather, contains a significant contribution from both. Therefore, it represents the best candidate for determination of g. A nonlinear least squares fit of this response was performed to minimize the squared difference between the analytical response and the measured response. The thermal properties of the ice and substrate were taken from literature values and the thicknesses assumed to be those of the shims. Independent parameters were g, and the flux input from the heating source. The value found for g was 5.0 cm-1 , which was fixed for all subsequent analyses.
Using this value for g, the family of curves shown in figure 8 is generated when the thicknesses are assumed to be those of the shims. The model predicts the behavior seen in the measured temperature profiles in figure 5 where initial heating occurs for thin ice, and initial cooling occurs for thick ice.
With g now fixed, it is possible to estimate the ice thickness from the thermal response of the ice, using a non-linear least suares fit, where the independent parameters are flux and the thickness L. In figure 9 the results of the fits (the solid lines) are shown along with the measured data, and the estimated thicknesses of the ice are plotted against shim thickness in figure 10 . Figure 10 shows good agreement between the measured values for a range of thicknesses about the calibration point. It should be noted that the worst agreement occurs at thicknesses approaching the surface roughness of the substrate as indicated in the description of the ice deposition process.
In Figure 11 this point is illustrated. The theoretical predictions of temperature response, (the solid lines), are plotted with the measured temperature responses. In these theoretical curves, L was constrained to be that of the shims. The agreement is good for thick ice, but as the ice approaches the surface roughness range (where the assumption of the ice thickness is inaccurate), the theoretical curves diverge from the experimental measurements. Since, as shown in figure 9 , the theoretical model appears to agree with the experiment, when thickness is not constrained, this seems to indicate that the a priori estimate of ice thickness, based on the shim thickness, is not good for ice at thicknesses at surface roughness levels, and in fact, that the thermal measurements represent a better estimation of ice thickness than the shim thickness. Curves and Fits.
CONCLUSIONS
The IR technique described has been shown to be capable of both detecting the presence of ice, and of measuring the thickness of ice. A more detailed investigation is planned, to determine the effects of varying ice density and attenuation, and further development is ensuing to demonstrate the system in the launch pad conditions. 
